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-- PROPOSED POLICY --
DRAFT
Introduction

Static strength subgtantiation is an important milestone in the certification of composite
arplane dructure. In the padt, different gpproaches have been used to meet the
associated Federd Aviation Adminigtration airworthiness regulations.

Purpose of Policy
The purpose of this policy isthregfold. Firg, it provides generd guidance on the

importance of large-scal e tests and when they are needed to meet the certification
requirements. Second, it reviews the critica factorsthat affect the atic strength of
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composite airplane structures and how they can be addressed. Third, it describes
some commonly accepted engineering practices used for Sructurd subgtantiation,
including the engineering retionale for various means of showing compliance. This
document also provides further clarification of AC 20-107A and is applicableto 14
CFR (Code of Federa Regulations) Part 23 airplanes.

Genera Background

Many factors contribute to the strength exhibited by built-up composite structure,
which utilizes bonding and other manufacturing technologies to minimize parts count
and achieve performance goals. Large-scae structurd tests at the component level
have traditionaly been needed to evduate the complex load paths and failure
mechanisms of such structure. Asin the case of new metd sructurd designs, such
tests are often used to ensure sufficient ultimate strength. However, it becomes
unwieldy to address dl issues affecting composite static strength in large-scale tests.

The combination of lower-scae tests and anayses has proven useful to quantify many
datic strength issues, minimize uncertainties, and mitigate risks before large-scae

tests. They may dso prove essentia in addressng common manufacturing and service
issues that should be expected following type design certification.

Factors to Consider

Structura static strength substantiation of a composite design should address critica
load cases and associated failure modes. Strength assessments should consider the
effects of environment, repeated loading, manufacturing tolerance, and materid and
process variahility. It should also consder manufacturing defects and service damage
that are not detectable by the anticipated inspection methods (as well as those defects
or damage that are permitted by the qudity control or maintenance documents of the
product) and desired repair scenarios.

The datic strength demongtration should include an ultimate |oad test for each mgor
Sructura component, unless experience exists to demondrate the adequacy of the
analysis, supported by sub-component tests or component tests to appropriate lower
load levels. These tests should include, but are not limited to, configured wing,
empennage and fusdage structure. The necessary experience to vaidate an andyss
should include previous component tests with Smilar designs, materid systems, and
load cases.

Although not specificaly discussed in this memo, factors that affect static strength may
aso impact the vibration characteritics (dtiffness, damping, and mass) of the
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composite structure. Hence, they also need to be evauated in the verification of
integrity againg flutter and other aerodastic mechanisms.

Application
This document describes policy for Satic strength substantiation of primary composite
arplane structures that are critical to safety of flight. Other structures, whose failure

can be shown not to affect airplane safety (secondary structures), may not require the
same leve of rigor in engineering andysis and test assessment to ensure structura

integrity.
Related Regulatory and Guidance Materials
Federd Regulaions
This palicy for gatic strength subgtantiation presents a means of showing compliance
with 14 CFR Part 23 requirements for the field of application defined. The
regulaions that are directly related to this policy include the following:
14 CFR Part 23 Subpart C — Structure
Section 23.305 Strength and deformation

Section 23.307 Proof of structure

Section 23.573(a)(1) Damage tolerance and
fatigue evauation of sructure

14 CFR Part 23 Subpart D - Design and Construction
Section 23.601 General
Section 23.603 Materids and workmanship
Section 23.605 Fabrication methods
Section 23.609 Protection of Structure

Section 23.613 Materid strength properties and
design vaues

Section 23.619 Specid factors
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Section 23.573(a) specificaly sets forth the requirements for substantiating the
primary composite airframe structures, including congderations for damage tolerance,
fatigue, and bonded joints. Paragraph (a)(1), which prescribes "that the tructureis
cable of carrying ultimate load with damage up to the threshold of detectability
consdering the ingpection procedure employed,” is particularly pertinent. The
purpose of § 23.573(a)(1) isto ensure sufficient ultimate load capability with
undetected manufacturing defects, as well asimpact damage, that can be redigticaly
expected from production and service. This should not be confused with damage
tolerance requirements that ensure sufficient resdud strength at limit loads.

Section 23.613 contains specific requirements for materid strength properties and
design values. Detailed discusson of these requirements has been presented in an
earlier policy document issued by the Small Airplane Directorate (see reference (1)
under 10.0).

Sections 23.603(8)(3) and 23.613(c) address the requirements relating to the effects
of environmenta conditions, which includes both the temperature and humidity
expected in service. These requirements are of particular sgnificance to the
composite aircraft structures.

Advisory Circulars

The following two FAA advisory circulars (AC's) present recommendations for
showing compliance with FAA regulations associated with composite aircraft
sructure;

AC 20-107A Compodte Aircraft Structure

AC 21-26 Quadlity Control for the Manufacture of
Composite Structures

AC 20-107A setsforth an acceptable means, but not the only means, of showing
compliance with the provisons of 14 CFR Parts 23, 25, 27, and 29 regarding
arrworthiness type certification requirements for composite aircraft sructures. Section
6 (Proof of Structure — Static) is particularly relevant to this policy where the generd
guidance for conducting the component ultimate load tests is presented. In Section 6,
the characteristics that are specific to composite structure are ad so discussed, such as
materid and process variability, strength degradation due to repeated loading and
environmenta exposure, and impact damage expected from manufacturing and
savice.
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AC 21-26 provides information and guidance pertaining to an acceptable means, but
not the only means, of demongtrating compliance with the requirements of 14 CFR
Part 21 regarding quality control systems for the manufacture of composite structures.
This AC dso provides guidance regarding the essentid features of qudity control
systems for composites as mentioned in AC 20-107A.

Building Block Approach
Purpose and Application

Within the composite engineering community, the structural substantiation process,
which usestesting and andysis a increasingly complex levels, has become known as
the “building block gpproach.” Such an approach has traditionaly been used to
address durability and damage tolerance as well as static strength for both metal and
composite aircraft sructure.

Figure A (below) provides a conceptuad schemétic of testsincluded in a building
block gpproach for wing structure. As suggested by the figure, lower levels of testing
are more generic and likely to be applicable to other parts of the airplane and other
products. There are generdly more repetitions at lower levels, such as needed to
provide agdtigtica basis for materid performance.
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Figure A. Schematic Diagram of Building Block Tests.

Since some lower levels of building block tests can be considered generic, the
concept of databases shared between programsiis reasonable. Engineering protocol
for base materid qualification and the equivaency testing to use shared composite
databases has been published previoudy (see references (1) and (2) under 10.0). As
discussed in these references, each certification project will have its own certification
plan and methods approved by the local aircraft certification office.

Theintegration of the design and manufacturing process becomes evident in larger
sudies. Thelarger scales of testing are needed to address the effects of more
complex loads and geometry.

Asimplied by Figure A, fewer tests are performed at larger scales. The relevance of
these testsis to address specific structural details.

Design attention should be placed on avoiding out-of-plane loads and related failure
modes, which may occur with significant loss of locd sability. Reatively smdl out-of-



plane load conditions, which have little impact on bolted structures, can be a
sgnificant issue for bonded structure and are often not easly andyzed.

3.2 AndyssVdidation of Load Paths

Andyssvadidation is an important part of the building block process because it
provides a bass to expand beyond the specific tests performed in development and
certification. Such vaidation starts with prediction of the structurd giffness, internd
load peths, and stability.

In order to perform these anayses, the materid stress-strain curve needs to be
established to failure (or a strain cutoff in the test methods) for each composite
meaterid used in the desgn. Andysdis has proven religble to minimize the numbers of
tests needed to define this characterigtic for laminated composite materid forms.

Veification of internd load paths may require additiond building block tests, which
are designed to evauate |oad share between bonded and mechanicdly attached
eements of adesign. Thisis paticularly difficult andyticaly asfalureis goproached,
where some nonlinear behavior can be expected. Combined load effects can further
complicate the problem of andyticd predictions.

3.3 Damage, Defects, Repeated Load, and Environmenta Effects

Prediction of the effect of multiple influences (environment, repeated |oads, damage, and
manufacturing defects) on the failure modes thet affect Sructural strength, traditiondly relies
on the building block tests. Often, semi-empirica anayses have been adopted for
composite strength.  1n such analyses, specid consderations are given to structurdl
discontinuity (for example, joints, cutouts or other stress risers) and other design or
process-specific details.

One of the most important parts of the building block andlysis and test development
comes in providing engineering databases to ded with the manufacturing defects, fidd
damages, and repairs likely to occur in production and service. Traditiondly, not
enough attention was given to these issues during composite product development and
certification. This has caused significant work dowdowns and increased cogts for
subsequent product manufacturing and maintenance.

Without sufficient andyss and test database to cover commonly alowed
manufacturing defects, damages, and repairs, engineers will be forced to either adopt
conservative assumptions (part rejections or expensive repairs) or generate the data
asit is needed (leading to down time and associated cost or lost revenue).
Unfortunately, production and service experiences with new technologies such as
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composite materids are often needed to completely define the problems (it is difficult
to plan for unanticipated defects and damage). Nevertheless, an awareness of the
likely production and service issues will hep define practicd levels of building block
tests and analyses to be performed as part of structural substantiation.

MIL-HDBK-17

The MIL-HDBK -17 (Composite Materia Handbooks) provides some detailed
background on the engineering practices that have been successfully gpplied with
compogite materids used in airplane structures. Chapters on the building block
approach for substantiation of composite structures are most useful for the current
discusson. Chapter 2.1 from Volume 1 of the Polymer Matrix Composite (PMC)
provides some introduction to this subject, including a synopss of test levels and data
USES.

There is more information on the building block approach that can be found in
Chapter 4, Volume 3 of PMC for the most recent revison of MIL-HDBK-17
(Revison F, October 2001). This chapter outlines rationae for the traditiona muilti-
level testing and anaysis development gpproach used for metallic and composite
dructures, particularly in the aerogpace industry. It dso contains guidance and
example building block test programs for various gpplications.

Many of the engineering practices outlined in MIL-HDBK -17 were derived from
composite gpplications to military and commercia transport structures. The
composite materia types, structurd design details, and associated manufacturing
processes saected for such applications may have sgnificant differences from those
used for smdll arplanes.

Environmental Exposure and Repeated L oad
Long-Term Time Related Degradation

The effects of environmenta exposure and repested loading, which may result in Setic
strength degradation, should be addressed. Reduction in composite static Strength as
afunction of environmenta exposure and repeated |oads can occur over long periods
of time. For purposes of this policy, these consderaions will be limited to reductions
in static strength, which come without detectable damage. Damage tolerance

eva uation methods and maintenance practices cannot cover such degradation.
Instead, sufficient static strength must be shown following exposures to environmenta
effects and repeated |oads.
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The effect of repesated loads on base composite materid propertiesistypicaly not as
severe as metd fatigue (relatively flat curvesfor criticd fatigue stress versus number of
cycles). Degradation mechanisms for a composite, which is subjected to repested
loads, are typicdly not the same as self-amilar crack growth behavior in metas.
Instead, the composite damage associated with repeated loads can be more

dispersed with minima drop in locd diffness and resdud srength until immediately
prior to failure. Asaresult, composite structures are usudly designed to working
dress leves (highest [oads in the spectrum) below that where significant damage
accumulation occurs. In adopting such design practice, the degradation in residua
srength with repeated |oads should be minimal.

Fatigue tests with open hole and impact damaged specimens have been used to
determine damage accumulation stress levels for laminated composite materias.
Some dtic strength testing following repeated |oads is dso used to demondtrate long-
term resistance for specific materids and design details.

Typicd environmental exposures, which reduce gatic strength, include high
temperatures and long-term moisture conditioning, which is often referred to as a
hot/wet condition. Compodite airplane structures absorb moisture in the service
environment and tend to reach an equilibrium condition after some period of time,
which depends on design details (for example, part thickness) and exposure.

Composite structura properties, which are most greetly affected by hot/wet
conditioning, include those that decrease with matrix stiffness (for example,
compression strength). Other composite properties may be more strongly affected by
cold/dry conditions. Coupon data generated for materia dlowables generdly give a
good bass for understanding the critica environments for different load types.

4.2 Sola/Thermd Design Criteria

To consder the environmental effects (Sections 23.603(a)(3) and 23.613(c)), the
Smadl Airplane Directorate issued an FAA internd policy letter presenting the
solar/thermal design criteriato be used for composite aircraft certification in 1990.
The intent of this guidance was to support the determination of the peak temperature
for aparticular composite airplane structure (Section 4.2 of this document). To
fadilitate its usage, below we give the "Guidance for Composite Aircraft Solar and
Thermd Design Certification Criterid':

! Other sources of heat and temperature limitations (for example, flying temperature limits for avionics equipment
or other limitations specified in the flight manual) may lead to higher or lower structural temperatures,
respectively.
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The thermd environmental analys's should be based on a parametric Sudy of the
following data to identify the highest structurd temperature:

Hour Ambient Temperature Solar Radiation
1100 111°F 330 Btu/ft2/hr
1200 114 355

1300 119 355

1400 122 330

1500 123 291

1600 124 231

1700 123 160

The above temperature vaues would not be exceeded 99.9 percent of the time, as
derived from MIL-STD-210C datistica data. For the above data, the wind speed
was 14 f.p.s. (for consderation of heat dissipation by convection), and the relative
humidity was 3 percent.

The effect of cooling airflow may be consdered. The FAA recommendsthe
following:

After heat soak a the critica condition, the airplane taxis, takes off, and climbsto
1,000 feet above sealevd. Thearplane then accderatesin levd flight to:

(1) Thelesser of the desgn maneuvering speed, (V p); or the aircraft operating
gpead limit (in 8 91.117(b)) if maneuver loads are critical; or

(2) Thelesser of the design cruise speed, (V); or the aircraft operating speed
limit (in 8§ 91.117(b)) if gust loads are critical.

In the case of acommuter category arplane, the design speed for maximum gust
intengity, (VB), appliesinstead of the design cruise speed, (V).

Per 8§ 91.117(b), the aircraft operating speed limit is 200 knots or the gpplicable
maximum airspeed of the aircraft, whichever islower. This gppliesto mgor sructure
and may not be gpplicable to certain structures such as flgps and landing gear doors,
which would be subject to limit loads a an earlier timein the flight profile. For asmal
arplane, amaximum taxi speed of 10 m.p.h. isrecommended. A four-minute taxi
time would be reasonable.
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4.3 Peak Temperature Andysis

Anayses, tests, published data or some combination of the three may be used to
obtain the pesk temperature for a particular composite airplane structure. Therma
analyss should use the environmenta conditions outlined previoudy in Section 4.2.
Testsfor conditions other than those described in this section may be used to vdidate
the analys's, which would then need to be applied for the critica conditions.

Note that structura temperatures typicaly rise well above the ambient conditions
under high solar radiation. In performing therma andysis for astructure, alowed
paint colors that provide the highest temperature should be used. The combined
effect of structura orientation and the reflection from adjacent structures and the
ground should be accounted for in the analyss (for example, adjacent structure
painted with alight color may reflect radiation to increase the temperature of adjacent
structure having dark colored paint).

In the case of most paint colors, adefault critical structural temperature of 180 °F can
be assumed without supporting tests or andlyses. Exceptions to thiswould be very
dark colors or black, which may yield higher structura temperatures.

In the assessment of the temperature effect to the composite arplane structure, in
addition to the solar/therma consideration outlined above, there are other therma
sources that may aso need to be consdered. Depending on the design configuration
and ingdlation arrangement, these therma sources may require atention. Some
examples include the following:

(1) Businessjetsmay have ar cycle machinesfor air conditioning, and there can
be high temperature exhaust from the heat exchangers.

(2) Enginebleed air is used for anti-ice, and system insulation and falure
conditions need to be considered. Operationa experience indicates that
bleed air leasks can cause severe loca damage to composite structure.

(3) Engine nacdlles and cowlings may have higher operating temperatures due to
the hest from the engine,

(4) Other gructure in the proximity of engine exhaus.
4.4  Peak Moisture Content

Anadyss, tests, published data or some combination of the three may be used to
determine peak moisture content for a particular composite airplane structure.
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Moigture diffuson andysis and test conditioning should assume a rdaive humidity on
the order of 85 percent as characteritic of past studies from long term service
exposure, which includes ground time in humid environments from around the world.
Engineering guiddines for moisture conditioning test samples to equilibrium can be
found in MIL-HDBK-17.

Some relief from assumptions of an equilibrium moisture content condition may be
possible for thick structures, which would not reach equilibrium during the specified
useful service lifetime of an airplane. In these cases, the surface layers would
gpproach the equilibrium in areasonable time, but the full thickness of the structure
would not attain equilibrium moisture content prior to retirement.

In conditioning test specimens, dements, sub-components or components to evaluate
the effects of moisture on materid or structural properties, it may be desirable to
increase the conditioning temperature to accelerate the moisture diffuson process.
However, conditioning temperatures should not be increased to the extent that the
materia degrades or changes due to therma exposure. Thisis particularly critica for
composite materias cured at lower temperatures, where high temperature
conditioning can ether break down the matrix or advance the cure. Elements such as
sandwich panels and secondarily bonded structures may aso have temperature limits
for moisture conditioning. Extreme environmental conditioning can result in meterid or
structura properties that are not characteristic of rea service exposures.

When performing mechanical tests with conditioned specimens or structures, care
should be taken to avoid excessve loss of moisture during thetest. Thisis particularly
important for hot/wet tests performed with relatively thin specimens, wheretiming is
critical to ensure moisture desorption is not dominant. In some cases, the test
chamber humidity may need to be controlled to get the desired data. A traveler
coupon may aso be placed in the test chamber and moisture content determined after
the test.

Andyses and Tests

Static strength substantiation for environmenta exposures and repeeted loads may use
building block tests, analyses supported by test evidence, revant existing data or
some combination of thethree. Asdiscussed previoudy, component ultimate load
tests should be performed unless sufficient experience exists to rely on andysis
supported by sub-component tests or component tests taken to appropriate lower
load levels. Some options exist in considering the effects of environment and repeated
loads in the structurd substantiation of component test articles that have not had prior

exposure.
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Full Scale Test Congderations

For critica |oads testing, two main approaches exist in certification practice to
account for elther prior repeated loading or environmental exposure, or both, for the
purpose of substantiating the static strength requirement.

In the first gpproach, the atic test is conducted on structure with prior repeated
loading or with damage that smulates prior repested loading. Furthermore, the static
test is performed with structure representative of the minimum accepted manufacturing
qudity and impact damage at the threshold of detectability (these will be discussed
later in this document). In addition, the test article is conditioned to Smulate the
environmenta exposure and then tested in that environment.

The second approach relies upon coupon, eement, and sub-component test data to
assess the possible degradation of static strength after application of repested |oading
and environmenta exposure. The degradation characterized by these testsis then
accounted for in the Satic test (for example, load enhancement) or in the analysis of
results of the static test (for example, showing a positive margin of safety with
alowables that include the degrading effects of environment and repested |oad) of the
new structure. In this second approach, the component static test may be performed
in an ambient atmosphere.

In practice, the two approaches may be combined to get the desired result. For
example, alarge-scade dtatic test may be performed at temperature with aload
enhancement factor to account for moisture absorbed over the airplane Structure's
life. In developing load enhancement factors to account for the environment, more
datigtical confidence is gained from a difference in the means between critical and test
environments rather than between basis values.

Other Exposures

The ground temperature exposure of composite airplane structure is often higher than
is possible when subjected to operating conditions. For example, the cooling effects
of taxi and takeoff tend to reduce the temperature of structure. Although the structure
isnot required to meet critica |oads at the peak temperatures possible in ground
exposure, any time-related changes in materia properties due to such exposure need
to be accounted for in Sructural substantiation. Thisissue is usudly dedlt with by
sdlecting materias with properties that are invariant to temperatures possible in ground

exposure.

Other exposures that can degrade the Static strength of composite structure include
exposure to aviation fluids. The former istypicaly addressed in materid screening



5.0

5.1

15

and qudification by evauating strength after exposure to fluids in accordance with test
gandards (for example, American Society for Testing and Materids). During materid
qudification, it is often advisable to consder even those fluids thet the airplane may
not have exposure to in order to support future applications of the materidl.

Ultraviolet rays from the sun can degrade the polymer matrix of many compostes,
garting with surface layers, which are directly exposed. The use of paints and other
surface coatings that contain appropriate ultraviolet blocking compounds can eiminate
thisissue for composite airplane structure. When using this approach, tests should be
conducted or authenticated published data should be obtained to ensure the blocking
compounds are effective within the paint thickness specification limits. Maintenance
practices must also be put in place to ensure long-term exposure of the compositeis
not possible as the surface layers degrade over time.

Static Strength Analysis- “A” and “B” Basis Allowables
Generd

For gatic strength andysis, “A” or “B” basis dlowables should be used subject to the
following conditions unless lower design vaues are required (see Section 5.3), in
which case further engineering analysisis needed to minimize the probability of
dructurd falure.

(A) The part should be designed, analyzed, and tested using “A” bads dlowables
whenever itsfalure would result in the loss of the sructurd integrity of the
component involved (i.e, inability of the airplane structure to carry limit load).
Such structure is possible when applied loads are distributed within an
assembly through a single load path or asngle member whose fallureis
catastrophic.

(B) Damage tolerant or fail-safe structures, in which the failure of individua dements
would result in gpplied loads being safely redistributed to other load carrying
members without exceeding the limit load capability of the airplane structure,
may be designed, andyzed, and tested using “B” basis dlowables.

Materid “A” and “B” basis dlowable strength vaues and other basic materia
properties are typicaly determined by smal-scale tests, such as coupon tests.
Property characterization requirements of dl materid systems (for example, pre-
pregs, adhesives) and congtituents (for example, fibers, resns) should be identified,
documented, and agpproved. The gpproved requirements should be included in dl
appropriate procedures and specifications that control the raw materials and the
processes used to advance them to the stable State characteristic of the airplane
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sructure. Asaresult, the statistical bases for composite property variations are
adequatdly linked to the documents used to ensure repestable materia and process

qudlity.

In developing a datistical bassin coupon tests, consider the design and manufacturing
characterigtics of the airframe structure. For example, some processes may produce
Sructure with an average bondline thickness of 0.06 inch and a maximum permissible
bond up to 0.10 inch thick. Coupon testing should include bonded joints with smilar
characteridics. If sufficient data exigts to determine the bondline thickness yidding the
lowest strength, most of the coupon testing could assume the worst case permitted.

Policy on Materid Qudification and Equivaency

Engineering protocol to generate base composite materid dlowables and the
equivaency testing to share such databases has been documented previoudy (see
references (1) and (2) under 10.0). The test methods, data reduction, and statistica
procedures are based on those documented in MIL-HDBK -17, which provides
details on commonly accepted engineering practices. |n addition to quantifying
datidicd variations in base materid properties, environmenta effects are d o typicaly
consdered as part of the program to generate“A” or “B” dlowables.

Detail Design and Notch Sengitivity

Some factors that lead to design vaues, which are lower than base materid
properties, include point design considerations (for example, stressrisers, joints, and
so forth), stiffness requirements (for example, flutter or vibration marging), fatigue,
manufacturing defects and damage, or other overriding issues. Often, such
congderations cannot be addressed in smple coupon or dement testing. As aresullt,
higher levels of the building block tests are needed to assess the strength that can be
achieved a the Structurd scale. Engineering judgment is then needed to gpply a
datistical basis generated with coupons to the smaler sample used in Setic srength
tests performed with structurd details characterigtic of the design. When evduating
sub-component tests, which have no repstition, it is generadly assumed that the results
represent the mean of the population.

Static Test Article Fabrication and Assembly
Generd

The dtatic test articles should be fabricated and assembled in accordance with
production specifications and processes such that they are representative of the
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production structure. This can pose technica issues, both before and after
certification, as production tools are devel oped and manufacturing processes evolve.

It isimportant to ensure the test hardware fabricated for type certification does not
use tools and process steps that are likely to change in production. Such a Stuation
often requires further testing to ensure production process changes and improvements
have not led to differences in Structurd performance. One way to help minimize such
issuesisto integrate design and manufacturing development during building block tests
and andyses, culminating in find sructurd tests with hardware processed using
production tools, fabrication, and assembly steps.

Desgn and Manufacturing Detall Definition

During the course of composite structurd design and manufacturing detall definition,
aufficient records should be created to ensure that parts and assemblies remain
invariant with time. Although such records are not unique to composites, there are
issues that go beyond basic materid type and form cal-outs and part geometry
definition. These include definition of part contour, cure process parameters, and ply
lay-up details for laminated composites.

There are two common gpproaches for defining the contour of a composite part.
One uses engineering drawings or data sets that define loft linesfor the mold. The
other relies on either a master model or amold to define the contour.

When amagter modd or mold is used to define the part contour, sufficient provisons
must be included in drawings to check for warpage and contour changes in the master
modd or mold throughout ther lives. Known locations for fixed reference points are
often used at reasonable spacing when combined with a contour board. The
approach chosen by an applicant must detect geometric changesin both the parts and
thetoolsused. When tools are changed or modified, possibly to accommodate
derivative modes, records of the changes must be kept so that it is possible to
determine the contour of previoudy delivered aircraft and to support the production of
Spare parts.

During type design definition, tolerances should be established for the parameters
affecting strength and durability characterigtics of the structure. Examples of these
parameters include ply orientation, stacking sequence, cure time, temperature,
pressure, and ply drop off locations. Thereis no fixed standard for the magnitude of
these tolerances, but they should be selected based on sound engineering judgment
and criteriathat ensures parts manufactured within tolerance limits will be capable of
meeting the certification requirements.
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In cases where tolerances are chosen in excess of those that were demonsirated to
provide adequate control in the past, additiond testing may be required to show that
the structure can sustain the design loads and is safe from flutter within the tolerance
envelope. For example, an gpplicant wishing to make ply orientations optiond for a
structural component would be expected to demondirate, either by test or by anayss,
or both, that the structure is cgpable of sustaining the desgn loads and is free of flutter
at the most adverse orientation possible.

The shape of each ply used in the airplane should be established through the drawings
and specifications. When thisis accomplished through the use of templates or
electronic data sets, these templates or data sets then become part of the type design
and must be controlled as such.

Conformity Inspections

Due to the nature of many composite materials and processes, it is often necessary to
conduct conformity ingpections during the fabrication of components to a gresater
extent than in the case of metallic components where ingpection can be conducted
after assembly. For example, type certificate applicants should plan on conducting
conformity ingpections of the lay-up processes and bonded assemblies early in the

program.

Once afabrication ingpection system has been established, it is possible to rey on that
system to verify the orientation of hidden plies, as well as other processing seps, so
that conformity inspections can be done on subsequent components after lay-up and
cureiscomplete. For thisreason, it isusudly in the gpplicant’ s best interest to
establish this system and the appropriate process specifications as early in the type
certification process as possible. During development of the drawings and process
specifications, when mgor changes are made to the type design, it is often necessary
to re-conform the test articles. The extent to which changes need to be re-conformed
is |eft to the Aircraft Certification Office,

Defects and Damage

The ddtic test article should consider manufacturing defects, field damages and repairs
likely to occur in production and service. From a safety perspective, the defects and
field damages that will likely not be detected by the ingpections specified in
manufacturing or maintenance should be included in critical aress of the structure.
From the economic perspective of airplane manufacturers and users, defects and field
damages that can be detected by ingpection, but are allowed because the required
levels of strength and durability are maintained, should o be included in testing. The
level of dlowed manufacturing defects should be included in ether specifications or
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drawings, or both. Findly, acomplete range of repair scenarios that are anticipated
to fix manufacturing defects and service damage should be vaidated.

Note: Damage repaired in the field by secondary bonding is generdly limited in Sze,
The damaged structure should have limit load capability, without the bonded repair,
just as other bonded structural details are expected to be redundant?. Although this
issueis one that is more commonly considered under damage tolerance substantiation,
repair capabilities are often demondtrated in datic strength testing to ultimate loads.

7.0 Effectsof Impact Damage and Minor Discrete Sour ce Damage
7.1 Damage a the Threshold of Detectability and Allowed Damages

Impact damage (or other minor discrete source damage) can sgnificantly reduce the
datic strength of composite structures by causing matrix cracking, delamination, and
fiber failure, which locdly dtersthe load path. Depending on the impact event and
ingpection procedure, the resulting damage may or may not be detectable by specified
ingpection methods. In the case of the lower levels of impact damage, which are not
detectable, sufficient static strength capability needs to be demonstrated.

It should be shown that impact damage that can be redligtically expected from
manufacturing and service, but not more than the established threshold of detectability
for the selected ingpection procedure, would not reduce the structural strength below
ultimate load capability. Theload levd differsfor damage thet is detectable (limit
load), becauise maintenance ingpection and repair practices can be relied on to return
the Structure to sufficient strength.

As discussed previoudy, detectable damage that does not reduce the strength of a
particular composite structura design below ultimate loads should aso be included in
test and andysis subgtantiation.  Such data can benefit manufacturing and maintenance
activities for a certificated product. In the case of most past composite aircraft
dructure, detectable damage implies clearly visble damage because the ingpections
used in service rely on amechanic finding the damage without sophidticated
equipment.

7.2 Impact Congderations

The static strength capability of structure with impact damage can be shown by
anadysis supported by test evidence, or by acombination of tests at the coupon,

2 Per § 23.573, there are other means of compliance for bonded structural details (for example, NDE and proof
testing); however, neither are believed to be appropriate for field repairs.
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element, sub-component, and component levels. The complex nature of impact
damage in composite structuresis such that thereis a generd dependence on teststo
evauate its effect on Static strength.

Typicd impact threets include runway debris, dropped tools, hail, ground vehicle or
equipment collisons, and handling damage. Much of thisimpact damage can be
considered in the scope of composite damage tolerance (detectable damage,
specified ingpection, no sgnificant growth, and alimit resdud strength requirement).
However, impact damage up to the threshold of detectability that can be redidticaly
expected from manufacturing and service has a gtatic strength requirement for ultimate
loads (8 23.573 (8)(1)).

The impact-damaged composite requirement for static sirength at ultimate loads
evolved from initid gpplications where the specific laminated composite materids had
brittle matrices. For such composites, relatively smal levels of impact caused large
aress of ddamination, without visble surfaceindications. Locd ingtability of this
damage led to adrop in resdud strength under compression or shear loads. The
resulting ultimate load requirement isintended to ensure sufficient satic strength for
impact damage generated by relatively low-energy impacts.

Industry has adopted some standards for ensuring ultimate load capability for the case
of impact damage up to the threshold of detectability that can be redigticaly expected
insarvice. These sandards have helped bound the structurd substantiation for this
requirement to practicd limits.

Standard impactor types and geometry include weighted, spherica-shaped, metal
impactors with diameters between 0.5 in. (12.7 mm) and 1.0 in. (25.4 mm). Such
weights are typicaly dropped to impact the Sructure a a perpendicular angle.
Varying the height of dropped weight can aitain different impact energies, which yied
different levels of vishility.

Often, specid towers or stands with an impacting tube are constructed and a support
fixture is needed to tilt the structure for dropped weight impact. Thisfacilitates
impacting components in selected locations and at a perpendicular angle. More
sophisticated impacting devices (for example, air guns with controlled impact velocity)
have been used as an dternative to smple dropped weight impacts. Such devices
have an ahility to create normal impact to structure thet is not oriented in a horizontdl
position; however, higher test cost isusudly incurred.

Typicaly, atest survey of varying impact energiesis needed to establish the threshold
of detectability for agiven Structurd location. Alternatively, clearly visible damage can
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be applied for the ultimate load requirement, providing a robust design criteria, which
could benefit subsequent manufacturing and maintenance activities.

In the case of thick composite structures, high energy levels may be needed to
establish the threshold of detectability. When such aleve isthought to exceed what is
redigticaly expected in sarvice, then a cut-off energy may be gpplied for the static
strength requirement of ultimate loads. Those impacts that exceed this cut-off leve
should be considered within damage tolerance subgtantiation, with aresdua strength
requirement of limit load.

An energy cut off that has been used in the past as a conservative upper leve limit to
the ultimate load requirement for thick structuresis 1,000 inch pounds. A vaue of
500 inch pounds is amore redistic energy cutoff; however, lower impact energy
levels have been judtified usng service data and probabiligic andyses. In most
composite shdll structures that are characteristic of small airplanes and business jets,
the cut-off level is not gpplied because damage vishility istypicaly achieved a impact
energies of 300 inch pounds or less.

Experiences from impacting coupons, eements, sub-components and components,
suggest that the test boundary conditions have a sgnificant affect on the resulting
impact damage. Thisissue usudly relates to the energy level needed to create some
level of detectahility for a given impactor geometry. Asaresult, some structura
substantiation of the resdud srength with impact damage at the component levd is
generdly needed to adequately demonstrate compliance with the requirement.

Damage Tolerance

The purpose of § 23.573 (a)(1) isto ensure sufficient ultimate load capability with
impact damage up to the threshold of detectability that can be redigticaly expected
from manufacturing and service. Thisis not to be confused with damage tolerance
requirements that ensure sufficient resdud srength at limit loads. In addressing the
damage tolerance issues for detectable damage, arange of impact variables that cause
more severe damage should be considered. Some of the same test fixtures as those
used for the ultimate load requirement can be used for damage tolerance
substantiation, athough additional impactor geometry should be considered to get a
more complete range of potentiad thrests.

Following damage tolerance substantiation, detectable damage is sometimes repaired
and additiond repeated loads are applied before demondtrating ultimate load
capability of acomponent. This provides another way of demongtrating the capability
of composite structure and repairs subjected to repeated |oads.
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Material and Process Variability
Generd

The materid and process variability of the composite structure should be considered
in the gtatic strength subgtantiation. This can be achieved in two basic ways.

(1) Thefirg isachieved by establishing sufficient process and quality controlsto
manufacture structure and reliably substantiate the required strength in tests
and andyses, which support a building block gpproach. The dlowables and
design vaues, which quantify materia and process varigbility, are then gpplied
in the andysis of the results of structura substantiation tests. This gpproach,
which is smilar to that typically applied for metal structure, isbased on
aufficient vaidation of the analyses a gppropriate structural scaes.

(2) The second approach rdies more heavily on test results. When sufficient
process and quality controls cannot be achieved, it may be necessary to
account for greater variability with specid factors (8 23.619) applied to the
design. Such factors should also be accounted for in the component static
tests or analyses.

Subgtantiating with Anayss Vdidated by Tests

A number of engineering guiddines can be used to decide whether it is sufficient to
use dlowables, design vaues, and andysis to account for materia and process
variability in ructurd substantiation. First, materials and fabrication processes used
to make test samples, which establish a satistical basis for structural analysis, must be
aufficiently controlled to ensure the allowables and design vaues that are derived
represent those achieved in the structural components. Second, al analyses must be
vdidated through the course of testing at different structural scaes, including
predictions of deflections, load paths, and overdl strength.

Predictions of deflections and load paths are typically achieved through correlation
with test results from strain gauges and other test ingrumentation. In the casewherea
finite dement mode (FEM) is being used for andys's, the FEM is dso being vadidated
by test to meet the requirement of 8 23.307. Thismode vaidation isrequired to
establish confidence that modd and modeling techniques are satisfactory to alow
them to be used to show compliance for Satic strength conditions that are not tested
and for mode revisons needed in other analyses (for example, rotor burgt, fire, and
other discrete source failure conditions).
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Vdidation of the strength prediction requires that critical locations are identified and
the anticipated failure loads and modes are confirmed by tests. Such substantiation
should include methods to account for the reduction in static strength associated with
design detalls (for example, attachments, joints and cutouts), environmenta effects,
manufacturing defects and damage. Although the numbers of tests and andyses
increase with this gpproach to structurd substantiation, generdly more efficient
sructure and lighter weights are possible. This gpproach aso yieds atest and
andys's database that tends to prove useful for engineersinvolved in solving
subsequent manufacturing and maintenance problems.

Subgtantiating Primarily by Testswith Minimal Andyses

A number of engineering guiddines can be used to decide whether it is gppropriate to
use overload factors for structural substantiation in component tests. If the desired
materials, manufacturing processes, and test correlation with available andyss
methods are not sufficiently mature to rely on accurate determination of structura
strength margins, then it may be appropriate to overload component test hardware to
account for the effects of materid and process variability.

Component test overload factors may aso be appropriate when the structure being
certificated is known to have sufficiently higher strengths than needed. In such acase,
an overload testing approach may be used to avoid the more rigorous andysis
vaidation, which is needed to write accurate, low margins of safety. Under such
circumstances, some savings in development costs may be possible with an overload
gpproach to structura substantiation, as opposed to an investment in the rigorous
andysis and test correlation of abuilding block approach.

Applicants that use an overload gpproach to static strength test substantiation are
relying on the structure to be sufficiently over-designed to ensure fallureis not likely to
occur below ultimate load levels due to materid and process variations. Since these
overload factors are in addition to those used to account for the environmenta effects
or repeated |oads, the component hardware may be |oaded well above ultimate |oads.

An overload gpproach must dso include the effects of design details, manufacturing
defects, and damage as part of the component test hardware. Unfortunately, the
types, location, and extent of defects covered in component tests, without vaidated
andyses, may prove limited as applied to subsequent manufacturing and maintenance
problems.

Another concern in usng overload factors comes in the conservatism gpplied to
Sructure that is not strength critica (for example, structure failing in stability modes,
which are not strongly affected by materid and process variationsin strength). If
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andysisis ableto predict sahility failure, then an overload factor based on variation in
materia stiffness may be more gppropriate.

Overload Factors

Derivation of the overload factors used to account for the effects of materia and
process variahility in gatic strength substantiation tests should come from arationa
engineering bass, which includes agaigicaly sgnificant number of tests. Datafrom
coupon tests of base materia properties for multiple materia batches and processing
cycles generdly provides such abass.

Experiences with composite materids and structures suggest that such coupon data
should prove consarvative in quantifying variations a sructurd scaes, unlessthereis
reason to believe processes used in manufacturing airplane components or structura
failure modes yield greater varigtion. Conformity of the certification test hardware
should provide the necessary data to make such engineering judgments. The overload
factor should be sufficiently high to ensure it is extremey unlikely that materid and
process variations could yidd structurd components thet fail below ultimate load.

Overload factors for materid and process variability may typicaly be based on the
ratio between the mean and datistica “A” or “B” bass vaues of key materia
properties for sngle load path or damage tolerant structures, respectively. Such
vauesindicate minima attempts to vaidate andyses and associated structurd margins
of sfety.

Somewhat lower overload factors may be gppropriate in cases where some andys's
vaidation is achieved in building block testing. For example, some analysis vaidation
of the stiffness and interna |oads could be used to reduce the overload factor such
that the materid variability characteristic of metal structures is subtracted from the
difference between the mean and basis vaues. Overload factors discussed in this
paragraph may not be sufficient if processes used to manufacture airplane structure
are found to vary more than those used to manufacture panels for coupon tests.

Other Condderations

Use of the overload approach to account for materid and process variability in
composite sructurd substantiation is more difficult when meta sructure is part of the
component design. Since overload factors are derived from composite properties,
the cgpability of metal parts may not be sufficient unless a consarvative design practice
isadopted. 1n such cases, additiond meta reinforcement may be used for test
purposesto alow the overal structure to reach the higher loads selected for
composite structural substantiation.
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Any meta reinforcement used for test purposes must not change the load share
between metal and composite parts. The reinforcement may aso have to occur in
gepsif the meta part must first be included in gatic strength tests that substantiate
their capability at lower load levels

Conclusion

Severd means of compliance in the static strength substantiation of composite airplane
sructure have been suggested in this document. We highlighted the importance of
performing large-scale tests to validate sufficient ultimate strength in the presence of
complex load paths and failure mechanisms. We aso discussed the use of lower-level
tests and vaidated andyses to address the critical issues, which includes the effects of
environment, variability, manufacturing defects, service damage, and repair.

Building block tests and andlyses at coupon, dement, and sub-component levels dso
help minimize the number of large-scale tests. Such engineering practices, which
include rigorous structurd andysis vaidation, more complete testing, and thorough
quality control practices, may be used to avoid overloading large-scale structures to
levels that force conservative design practices or cause faluresin any integrated metd
parts. On the other hand, overload factors may be used to successfully expedite
datic strength substantiation, provided the compaosite structure has sufficient strength
when overloaded to levels accepted by the certification project officials.

This policy on static strength substantiation for composite structures is consstent with
smdl airplane and businessjet certification experiences occurring to date. Note that
most of these experiences have been with pre-impregnated, laminated composite
materia forms. As service databases expand and new composite materid forms and
manufacturing processes continue to evolve, future gpplications may need to consder
other critica factors important to Satic strength.

Anayds and test technologies aswell as materid and manufacturing qudity controls
are dso likely to advance, providing more confidence in scaling results from lower
levels of sudy to configured airplane structure. As aresult, the joint efforts of
regulatory agencies, other government groups, industry, and academiawill no doubt
extend the state-of -the-art, reducing the burden in composite static strength
Subgtantiation.
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